Pancreatic RNase genes implicated in the adaptation of the colobine monkeys to leaf eating have long intrigued evolutionary biologists since the identification of a duplicated RNASE1 gene with enhanced digestive efficiencies in Pygathrix nemaeus. The recent emergence of two contrasting hypotheses, that is, independent duplication and oneduplication event hypotheses, make it into focus again. Current understanding of Colobine RNASE1 gene evolution of colobine monkeys largely depends on the analyses of few colobine species. The present study with more intensive taxonomic and character sampling not only provides a clearer picture of Colobine RNASE1 gene evolution but also allows to have a more thorough understanding about the molecular basis underlying the adaptation of Colobinae to the unique leaf-feeding lifestyle. The present broader and detailed phylogenetic analyses yielded two important findings: 1) All trees based on the analyses of coding, noncoding, and both regions provided consistent evidence, indicating RNASE1 duplication occurred after Asian and African colobines speciation, that is, independent duplication hypothesis; 2) No obvious evidence of gene conversion in RNASE1 gene was found, favoring independent evolution of Colobine RNASE1 gene duplicates. The conclusion drawn from previous studies that gene conversion has played a significant role in the evolution of Colobine RNASE1 was not supported. Our selective constraint analyses also provided interesting insights, with significant evidence of positive selection detected on ancestor lineages leading to duplicated gene copies. The identification of a handful of new adaptive sites and amino acid changes that have not been characterized previously also provide a necessary foundation for further experimental investigations of RNASE1 functional evolution in Colobinae.
Introduction
Gene duplication has long been thought as the primary source for evolutionary innovations and functional adaptations specific to certain groups of organisms (Ohno 1970; Clegg et al. 1997; Force et al. 1999; Zhang 2003; Rispe et al. 2008) . One of the most compelling examples comes from the duplication of pancreatic ribonucleases (RNASE1) gene in leaf-eating colobine monkeys (Zhang et al. 2002; Zhang 2006) . Using both molecular analyses and functional assays, Zhang et al. have revealed that the duplicated RNASE1 genes in two colobines, Asian Pygathrix nemaeus and African Colobus guereza, evolved rapidly under positive selection for enhanced digestive efficiencies, as an adaptive response to the increased demands for the enzyme for digesting bacterial RNA (Zhang et al. 2002; Zhang 2006) . Furthermore, phylogenetic analysis and molecular dating of the 2-kb RNASE1 gene sequences, including coding and flanking noncoding regions, showed that the duplication postdated the separation of Asian and African colobines, that is, independent duplication hypothesis. Duplicated RNASE1 gene in Asian and African colobines are the result of independent duplications but have been subject to the same selective pressures and underwent similar functional changes (Zhang et al. 2002; Zhang 2006 ; hypothesis A in fig. 1 ).
Recently, however, Schienman et al. (2006) and Xu et al. (2009) suggested that the coding and noncoding regions portray entirely different evolutionary scenario of RNases in the leaf-eating monkeys. Their analyses based on five colobines, including three additional species, Asian Semnopithecus entellus, Nasalis larvatus, and African Piliocolobus badius, showed that noncoding phylogeny divided RNASE1 genes into Asian-and African-specific clades, in which the duplicates within each of the five species are more closely related to each other than to their orthologues, a pattern consistent with the independent duplications in Asian and African colobines; whereas coding phylogeny clustered the duplicated RNASE1 genes of all leaf monkeys together, suggesting an ancient duplication event preceding the divergence between Asian and African colobines (hypothesis B in fig. 1 ). This result promoted Xu et al. (2009) to claim that the duplicated RNASE1 genes in leaf monkeys were actually produced by a single-gene duplication event prior to leaf monkey speciation, that is, one-gene duplication hypothesis, and attribute the results inferred from their noncoding trees and that of Zhang's (2006) study to gene conversion. Hence, the evolutionary pattern of RNASE1 genes in leaf-eating monkeys seems more complex and confusing than has previously been recognized.
Though it has long been believed that phylogenetic analyses have contributed much to trace the scenario of gene evolution, however, the tree topology of phylogenetic trees can sometimes be biased by sampling errors, leading to an unreliable estimation. More complete sampling of the animal group in question and of the nucleotide sites in use would provide a clearer picture of gene evolution (Pollock et al. 2002; Zwickl and Hillis 2002; Kuraku et al. 2009 ). Currently, our understanding of Colobine RNASE1 gene evolution largely depends on the analyses of limited taxonomic sampling. So, it would be of considerable interest and importance to study RNASE1 sequences of more leaf monkeys to shed new lights on the clarification of the two contrasting hypotheses, which is critical for a deeper understanding about the true evolutionary history of Colobines RNases. In addition, analysis of additional RNASE1 gene sequences allows us to have a more thorough understanding about the molecular basis underlying the adaptation of Colobinae to the unique leaf-feeding lifestyle.
In the present study, we newly determined RNASE1 genes of two African colobines, Colobus polykomos and Colobus angolensis, and eight Asian colobines, Trachypithecus johnii, Trachypithecus vetulus, Trachypithecus francoisi leucocephalus, Trachypithecus francoisi, Trachypithecus phayrei, Rhinopithecus avunculus, Rhinopithecus bieti, and Rhinopithecus roxellanae. A total of 21 sequences were obtained, in which three RNASE1 genes were found in T. vetulus, whereas two genes in all the other colobines. Together with previously reported five leaf monkeys, the most comprehensive investigation to date of RNASE1 gene evolution in Colobinae was performed in this study. (Zhang 2006) , that is, independent duplication events in Asian and African colobines, was supported by the phylogenies inferred from complete and noncoding sequences (Schienman et al. 2006; Zhang 2006; Xu et al. 2009 ). Hypothesis B (Xu et al. 2009) , that is, one duplication events, was supported by the phylogeny inferred from coding sequences (Schienman et al. 2006; Xu et al. 2009 ). Yu et al. · doi:10.1093/molbev/msp216 
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Materials and Methods
Data Sets
The colobines (Colobinae subfamily) are a diverse clade of Old World primates and their generic classifications have long been in debate, from four to ten genera (Groves 1970 (Groves , 2001 Szalay and Delson 1979; Zhang and Ryder 1998; Brandon-Jones et al. 2004; Sterner et al. 2006) . Here the genus name followed the classification scheme of Sterner et al. (2006) . In total, 15 species belonging to seven genera of Colobinae subfamily were examined in this study. The seven genera are African Colobus and Piliocolobus and Asian Nasalis, Pygathrix, Semnopithecus, Trachypithecus, and Rhinopithecus. For each sample, total genomic DNA was isolated from blood or frozen tissues using standard proteinase K, phenol-chloroform extraction (Sambrook et al. 1989) .
Pancreatic ribonuclease gene (RNASE1) with an approximate length of 2 kb, spanning the entire coding region and an upstream noncoding exon separated by an intron, were amplified by polymerase chain reaction (PCR) using primer pair reported by Zhang et al. (2002) . The amplified PCR products were cloned into PMD18-T vector (Takara, China) and transformed into an ultracompetent Escherichia coli cell (Takara). Plasmids containing the RNASE1 inserts were extracted using GenElute Plasmid Miniprep Kit (Sigma-Aldrich Co.). About 30 clones per ligation reaction were sequenced in both directions with an ABI PRISM 3700 DNA sequencer (PE Biosystems). Only those sequences with more than three mutations in protein sequence and corroborated by at least two times of independent amplification and sequencing were used in the analysis. These sequences were supported by most clones. The newly determined RNASE1 gene sequences are in GenBank under accession numbers GQ334693-GQ334713. In our analysis, RNASE1 sequences of P. nemaeus and C. guereza were those from Zhang et al. (2002) and Zhang (2006) . For those previously reported RNASE1 sequences of N. larvatus, S. entellus, and P. badius (Schienman et al. 2006) , two very similar sequences were found from a species in some cases, which could be attributed to putative alleles. We just used one sequence of alleles as an independent gene copy in the analyses. In addition, RNASE1 sequences of six noncolobine primates available from GenBank were also downloaded. A New World Monkey, Marmoset Callithrix jacchus, was used as outgroup.
Phylogenetic Reconstructions
Separate and combined alignments of RNASE1 coding (468 bp) and noncoding DNA sequences (1,575 bp) for 33 ingroup and two outgroup sequences were carried out with ClustalX program (Thompson et al. 1997 ) and when necessary edited by eye. The protein alignment is shown in supplementary figure 1 (Supplementary Material online). Phylogenetic trees were reconstructed using molecular evolutionary genetics analysis (Kumar et al. 2008) for Neighbor-Joining (NJ) analyses based on Kimura's twoparameter model with complete deletion option for gaps, as well as PAUP*4.0b8 (Swofford 2001) for maximum parsimony (MP) analyses. For MP analyses, a heuristic search strategy was employed with the tree-bisection-reconnection branch-swapping algorithm, random addition of taxa and 1,000 replicates per search. Only one of the best trees found during branch swapping was saved (MULTREES 5 NO in PAUP*), and zero length branches were collapsed. The reliability of the tree topologies was evaluated using bootstrap support (BS, Felsenstein 1985) with 1,000 replicates for NJ and MP analyses.
Selective Constraint Analyses
The nonsynonymous to synonymous rate ratio x (dn/ds) provided an indication of the change of selective pressures. A dn/ds ratio 5 1, ,1, and .1 will indicate neutral evolution, purifying selection, and positive selection on the protein involved, respectively. We first applied the method of Yang and Nielsen (2000) for estimating dn and ds between two sequences. The codon-substitution models implemented in the CODEML program in the PAML package (Yang 2007) were then used to analyze changes of selective pressure. All models correct the transition/transversion rate and codon usage biases (F3 Â 4). Different starting x values were also used to avoid the local optima on the likelihood surface (Suzuki and Nei 2001) . To detect changes in selective pressure after gene duplication, the ''two-ratios'' model was used, which assumes that the branches of interest have different ratios from the background ratio x 0 (Yang 1998 (Yang , 2002 Yang and Nielsen 1998) in the branch-specific models. Model B assumes two x ratios: one restricted to lineages predating a gene duplication event and the second restricted to lineages resulting from the gene duplications. Model C assumes three x ratios: one restricted to lineages predating a gene duplication event, the second restricted to ancestor lineages leading to duplicated gene copies, and the third restricted to lineages corresponding to the duplicated gene copies. Model D assumes different x ratios for each of the ancestor lineages and the background ratio for all the other lineages in the phylogeny (Hileman and Baum 2003) . We also use the site-specific model, which allow for variable selection patterns among amino acid sites, M8a and M8, to test for the presence of sites under positive selection and identify them Yang 2000) . We construct likelihood ratio tests (LRTs) to compare M8a with M8. Significant difference between the models was evaluated by calculating twice the loglikelihood difference following a v 2 distribution, with the number of degrees of freedom equal to the difference in the numbers of free parameters between the models. M8 models allow for positively selected sites. When this positive-selection models fitted the data significantly better than the corresponding null model (M8a), the presence of sites with x . 1 is suggested. The conservative empirical Bayes approach (Yang et al. 2005) will then be used to calculate the posterior probabilities (PPs) of a specific codon site and identify those most likely to be under positive selection.
New Insights of Adaptive Evalution of Colobine RNASE1 · doi:10.1093/molbev/msp216
MBE
We inferred ancestral RNASE1 sequences based on parsimony (Li and Gojobori 1983) and Bayesian (Zhang and Nei 1997) methods. Hon-new software (Zhang 2000) was used to estimate conservative and radical nonsynonymous distances between these sequences. Numbers of radical and conservative substitutions per site for each branch were calculated. In addition, GENECOVN software (Sawyer 1989 ) was used to search for evidence of gene conversion events among gene duplicates.
Results
Phylogenetic Inferences of Colobine RNASE Gene Sequences
Phylogenetic trees for coding and noncoding sequences were shown in figures 2 and 3, respectively. Noncoding MP and NJ analyses presented similar tree topologies, and both clearly split RNASE1 sequences into African (MP BS 5 82%; NJ BS 5 88%) and Asian (MP BS 5 80%; NJ BS 5 55%) colobine-specific clusters, supporting the independent duplication of RNASE1 in Asian and African colobines. Intriguingly, both our MP and NJ coding phylogeny did not cluster the duplicated genes of Asian and African colobines into a single clade, as indicated in previous coding analyses of fewer colobines species (Schienman et al. 2006; Xu et al. 2009 ), but group all Asian RNASE gene sequences together, albeit with weak bootstrapping supports (BS , 50%), and all African sequences were placed at the base of the phylogeny. Although the African sequences did not form a monophyletic group, presumably due to the small number of nucleotides used, our coding analyses of more colobines is notable because it appears that the hypothesis of a gene duplication event prior to the divergence of Asian and African colobines was no longer supported here, and the independent duplications in the two lineages seems more likely.
Based on our phylogenetic analyses, we can find both coding and noncoding trees indicated that RNASE1 gene was duplicated after the speciation of Asian and African colobines. However, they gave different results about the evolutionary scenario of RNASE1 within Asian and African colobines clusters. In coding analyses, Asian and African clusters each divided RNASE1 sequences into two gene groups, corresponding to duplicated (D) and original (O) gene copies, implying two basal gene duplication events occurred after the Asian and African colobines speciation, with one before the Asian colobines radiation and the other before the African colobines radiation ( fig. 2) . However, the D and O gene groups in Asian and African clusters all received very poor supports in the analyses (BS , 50% for all four groups except NJ BS 5 54% for African D groups). By contrast, in noncoding analyses, eight independent duplication events, two in African and six in Asian colobine clusters, were observed ( fig. 3) . Four of them received high bootstrapping supports in the analyses (BS . 90%). In addition to the basal duplication events mentioned above, the coding and noncoding phylogenies both suggested three additional recent gene duplications within T. vetulus, C. guereza, and P. badius lineages, resulting in three gene copies in these three colobine species (figs. 2 and 3).
Besides the separate analyses of coding and noncoding regions, we also attempted to reconstruct tree based on 2,043 nucleotide sites of coding and noncoding sequences 4) . The resulting MP and NJ phylogenies divided RN-ASE1 sequences into African (MP BS 5 82% and NJ BS 5 89%) and Asian (MP BS 5 85% and NJ BS 5 88%) colobinespecific clusters with high statistical supports, reinforcing the classical view that RNASE1 gene duplications occurred after the divergence between Asian and African colobines. However, different from both separate analyses, the combined analyses indicated five parallel gene duplication events, two in African and three in Asian clusters, occurred after the Asian and African colobines speciation. All these duplications received high bootstrapping supports (BS . 80%). Although the RNASE1 genes of Pygathrix and Nasalis did not form a monophyletic group, the duplicated gene copies of Pygathrix and Nasalis were clustered with medium to high BS (MP BS 5 70%; NJ BS 5 86%). Interestingly, we find that the tree topology supporting a single-gene duplication event prior to the divergence of Asian and African colobines was significantly worse than our combined tree (P , 0.05) under both Kishino-Hasegawa test (Kishino and Hasegawa 1989) and Shimodaira-Hasegawa test (Shimodaira and Hasegawa 1999) .
The true phylogeny of Colobinae subfamily is not yet well established thus far; however, a series of recent studies based on mitochondrial DNA, nuclear DNA, and retroposonintegrations have produced a preferred relationship among the genera (Sterner et al. 2006; Osterholz et al. 2008; Ting et al. 2008) . This relationship was robustly supported by present noncoding and combined analyses. African colobines diverged earliest (noncoding: MP BS 5 55% and NJ BS 5 80%; combined: MP BS 5 85% and NJ BS 5 89%). Asian colobines were split into two clades, one included Nasalis, Pygathrix, and Rhinopithecus genera (noncoding: MP BS 5 88% and NJ BS 5 78%; combined: MP BS 5 82% and NJ BS 5 70%), and the other included Semnopithecus and Trachypithecus genera (noncoding: MP BS 5 85% and NJ BS 5 84%; combined: MP BS 5 84% and NJ BS 5 80%). Coding analysis, however, yielded an inconsistent genus-level relationship with published Colobinae phylogeny. It did not group Pygathrix, Nasalis, and Rhinopithecus as a monophyletic clade. Moreover, the sister-group relationship between Semnopithecus and Trachypithecus in Asian O groups of the coding tree received weak bootstrapping supports (BS , 50%).
In sum, broader and detailed phylogenetic analyses of RNASE1 sequences of more leaf monkeys using coding, noncoding, and combined regions provided consistent evidence of supporting the RNASE1 gene is duplicated after the speciation of Asia and African colobines, a hypothesis originally proposed by Zhang (2006) , although the statistical supports for the groups in the coding tree were relatively weak. However, different hypotheses of RNASE1 gene evolution within Asian and African colobines were observed among present coding, noncoding, and combined analyses. Despite this, several lines of evidence indicates that coding analyses is less reliable than noncoding and combined analyses. First, the coding analyses suffer from a large sampling error and from a lack of high statistical supports, a situation having also been found in previous New Insights of Adaptive Evalution of Colobine RNASE1 · doi:10.1093/molbev/msp216 MBE coding analyses of fewer colobines (Schienman et al. 2006; Xu et al. 2009 ), mostly due to the much small number of nucleotide sites used. By contrast, the noncoding and combined analyses based on four to five times of nucleotides than that of coding analyses demonstrate moderate to high bootstrapping supports for most of the nodes. Second, the inferred relationships among the genera of Colobinae from the coding analyses were incongruent with the published phylogeny, whereas those from the noncoding and combined analyses followed current knowledge of Colobinae phylogeny. Hence, noncoding or combined trees is more likely to represent ''true'' evolutionary history of RNASE1 genes within Asian and African colobines. In the studies of Schienman et al. (2006) and Xu et al. (2009) , the tree based on noncoding sequences was speculated to be spurious due to gene conversion. However, in present analyses of 15 species, only within five (T. johnii, T. vetulus, P. nemaeus, N. larvatus, and P. badius) and one species (P. badius), in noncoding and combined trees, respectively (figs. 3 and 4), the duplicates were more similar to each other than to their orthologues in the other species. Moreover, when gene conversion test of Sawyer's (1989) method was used to examine the noncoding and combined sequences, no significant results were given, suggesting that gene conversion is unlikely to have confounded the analyses (data not shown).
Subsequent selective constraint analyses using CODEML likelihood method on the combined tree topology, which was inferred from the maximum nucleotide sites available, were presented below. Compared with the noncoding tree, the combined tree provided higher statistical supports for major nodes (e.g., MP BS 5 85% and NJ BS 5 88% vs. MP BS 5 55% and NJ BS 5 80% for Asian colobines cluster) and more parsimonious deduction for the number of duplication events (eight vs. five). In fact, considering that CO-DEML analyses may be sensitive to the tree topology employed, we also conducted the analyses using the noncoding tree and obtained nearly the same results.
Selective Patterns in Colobinae Subfamily
The method of Yang and Nielsen (2000) was used to estimate synonymous (ds) and nonsynonymous (dn) substitution rates between two sequences. In total, 206 out of 528 pairwise comparisons for these Colobinae RNASE1 genes have a x (dn/ds) . 1, indicative of the positive selection acting during colobines RNASE1's evolution. The plot of dn against ds is shown in figure 5a .
Further examination of the selective patterns in colobines was performed using the codon-based maximum likelihood analyses (table 1). The analyses were conducted using the combined tree topology but with the poorly supported nodes in NJ and MP phylogenies (BS , 70%) collapsed into polytomy ( fig. 6 ). Thirty-three colobine and two most closely related noncolobine primates, rhesus monkey and baboon, were used for the analyses. As summarized in table 1, models B, C, and D in the branch-specific models revealed a significantly better fit to the data than did the one-ratio model, M0 (0.001 , P , 0.01, P , 0.001, and P , 0.001, respectively). Under model B, estimates of the x 1 ratio for the lineages resulting from gene duplication events is 1.1298, and the background ratio x 0 ratio for those predating gene duplication is 0.2907. Interestingly, when we MBE assigned x 1 and x 2 to the ancestor lineages leading to duplicated gene copies and the terminal lineages corresponding to duplicated gene copies, respectively, under model C, we found that the x 1 ratio (2.8014) was much higher than x 2 ratio (0.5928) and x 0 ratio (0.2904), indicating that positive selection may have operated on these ancestor lineages (a to e branches in the tree of fig. 6 ). Estimates of the x ratios for each of the ancestor lineages under model D were 1.079 (0.0257/0.0238), N (0.0197/0), N (0.0229/0), N (0.0440/0), and 1.0842 (0.0259/0.0239), respectively.
In addition, we also attempted to divide the nonsynonymous substitutions into radical and conservative substitutions to look for the signal of positive selection of RNASE1 genes in Colobines. A significantly higher rate of radical nonsynonymous substitution than conservative substitution has been regarded as evidence for positive selection (Hughes 1992 (Hughes , 1994 Hughes and Hughes 1993) . Our results (table 2) showed that when amino acid charge was considered, the number of radical substitutions per site was detected to be significantly greater than that of conservative substitutions per site on three (b, c, and d branches) of five ancestor branches leading to duplicated gene copies (b: P 5 0.033671; c: P 5 0.000989; d: P 5 0.017417; Fisher's exact test). Therefore, this result, combined with LRT results described above, provided evidence for the operation of positive selection on the ancestor lineages leading to duplicated gene copies. Furthermore, our finding suggested that following gene duplication there has been a change in amino acid charge, reflecting the critical role of amino acid charge during the adaptive evolution of RNASE1 genes in leaf monkeys.
We therefore examined important adaptive amino acid replacements that are likely to be responsible for acquisition of digestive specified function of Colobinae RNase using our data sets. Results from maximum likelihood analyses were shown in table 1. The positive-selection model (M8) in site-specific models provided a significantly better fit to the data than did the neutral model (M8a) (P , 0.001) and suggested the presence of positively selected residues. Nine such sites were predicated (positions 1, 4, 6, 39, 42, 78, 98, 101 , and 122) with high PPs (PP . 95%). In previous study of P. nemaeus, Zhang et al. (2002) have observed nine amino acid substitutions in the duplicated RNASE1 gene. PAML analyses here predicated all but two (sites 32 and 83) of them as having been under positive selection and, moreover, identified two adaptive sites, 78 and 101, that have not been previously characterized in the previous studies.
In addition, we investigated the evolutionary pattern of the identified nine positive sites among the species examined. As shown in figure 6, seven parallel amino acid substitutions in seven sites occurred in Asian and African duplicated RNASE1 genes, including R4Q, K6E, R39W, P42S, R78K, R98Q, and A122D. Among them, R4Q, K6E, and R39W have been previously observed and characterized by mutagenesis experiments in Zhang's (2006) study of P. nemaeus and C. guereza, and make up three known adaptive parallel amino acid replacements contributing to the decrease of the optimal pH in the Asian and African colobine small intestine. The present analyses, therefore, identified four previously uncharacterized parallel amino acid changes (P42 S, R78K, R98Q, and A122D), which are particularly interesting candidates for future study by site-directed mutagenesis. In addition to the parallel changes displayed between Asian and African colobine lineages, there are multiple occasions of parallel changes among different lineages within either Asian or African colobine clusters (fig. 6 ). For example, two parallel Besides the parallel changes described above, it is interesting to find seven nonparallel amino acid substitutions at five of these sites, including R1S and R1K in the duplicated genes of P. badius and Colobus genus species, respectively; R4A and R4G in the duplicated genes of P. badius and Rhinopithecus genus species, respectively; K6Q in those of Rhinopithecus genus species; R39S in those of Trachypithecus genus and S. entellus species; and R98G in T. johnii, T. vetulus, and S. entellus ( fig. 6 ). It is possible that these amino acid substitutions may also be important for reducing the optimal pH of colobine RNases. On the other hand, the observed diversity of amino acid substitutions also indicated that gene conversion is not likely to have acted on the coding region, consistent with the view that positive selection may have prevented the gene conversion in RNASE1 coding sequences (Schienman et al. 2006 ).
Molecular Dating
The relative rate test of Li and Bousquet (1992) was performed to test the molecular clock hypothesis. We first divided RNASE1 genes into five groups according to five   FIG. 6 . Evolutionary patterns of positively selected sites among species examined. The parallel amino acid substitutions were boldface and the nonparallel amino acid substitutions were boldface and underlined. Yu et al. · doi:10.1093/molbev/msp216 MBE independent gene duplication events indicated in combined tree topology (fig. 4) . The outgroup sequences in all comparisons were rhesus and baboon. No significant rate difference was detected between these five groups at 0.5% level (after Bonferroni correction), suggesting that molecular clock assumption holds for this region. We use three calibration points, that is, the divergence time of 15 million years (Ma) between colobines and ceropithecines (Delson 1994), 10.8 Ma between Asian and African colobines (Sterner et al. 2006), and 8.3 Ma between Colobus and Piliocolobus genus (Sterner et al. 2006) , to roughly estimate the gene duplication times. The results show that five duplication events (branches 1-5 indicated in fig. 4 ) occurred, respectively, at the date of 4.46 (3.82-5.1) Ma, 5.1 (4.46-5.73) Ma, 2.87 (2.23-3.5) Ma, 9.55 (9.55-10.82) Ma, and 7.96 (7.01-8.92) Ma. We can find that all duplication events postdated the divergence of Asian and African colobines and also provide evidence for independent duplication hypothesis.
Discussions
Pancreatic RNase genes implicated in the adaptation of colobines to leaf eating have long intrigued evolutionary biologist. Our study with more intensive taxonomic and character sampling contribute to a clearer picture of Colobine RNASE1 gene evolution. The present broader and detailed phylogenetic analyses yielded two important findings: 1) All trees provided consistent evidence for independent duplication hypothesis proposed by Zhang (2006) . The hypothesis of a single duplication prior to the radiation of Asian and African colobines was not supported here (Schienman et al. 2006; Xu et al. 2009 ). In the study by Schienman et al. (2006) and Xu et al. (2009) , the coding tree clustered all duplicated RNASE1 genes into a single clade, whereas the original genes were grouped into another clade, with weak bootstrapping supports ( fig. 1) . Our coding analyses, however, generated different tree topology, albeit also with low nodal supports. The duplicated genes of Asian and African colobines are no longer clustered, and duplicated genes of African colobines were moved to the base of the phylogeny. All genes of Asian colobines were grouped into a clade (fig. 2) ; 2) No obvious evidence of gene conversion in RNASE1 gene was found, favoring independent evolution of Colobine RNASE1 gene duplicates. To resolve the tree topology incongruence from their analyses of coding and noncoding regions ( fig. 1) , Schienman et al. (2006) and Xu et al. (2009) proposed that high levels of gene conversions among RNASE1 gene duplicates have taken place predominantly in the noncoding region, although they cannot rule out the possibility of independent duplications after speciation. In their noncoding tree, the duplicates within each of the five species examined are more closely related to each other than to their orthologues in the other species. Our analyses of 15 species, however, showed that only within four and one species in noncoding and combined analyses, respectively, the duplicates were more similar to the each other than to their orthologues ( figs. 3 and 4) . With regard to the five species previously studied, the duplicates within S. entellus and C. guereza are no longer clustered in our noncoding tree, whereas the duplicates within all but P. badius are not clustered in the combined tree. In addition, the statistical algorithm GENECOVN did not predict any gene conversion events among the duplicates for our noncoding and combined sequences. Combined with the observed diversity of amino acid substitutions among the species examined, which is not likely to be expected if gene conversion occurred, the present study did not support the conclusion drawn by Schienman et al. (2006) and Xu et al. (2009) that gene conversion played a significant role in the evolution of Colobine RNASE1 and significantly indicated the independent evolution.
Not only the phylogenetic pattern of RNASE1 sequences reported here provide a solid reference for further studies investigating RNASE1 evolution and function but also our selective constraint analyses provided interesting insights. Our CODEML branch analyses find significant evidence for adaptive evolution of ancestor lineages leading to duplicated gene copies, which is strengthened by the observation of a significantly higher rate of radical than conservative nonsynonymous substitution for amino acid charge on these lineages. The radical/conservative rate ratio results also suggested that following gene duplication there has been a change in amino acid charge, consistent with the results of earlier works of fewer colobines (Zhang et al. 2002; Zhang 2006; Schienman et al. 2006) , in which the charge-altering substitutions were shown to be selectively favored for enhanced RNase activity at the relatively low pH environment of the colobine small intestine. Interestingly, our previous study of positive selection acting on RNASE1 duplicated genes of Mustelidae species in order Carnivora also illustrated that the amino acid charge change was one of the crucial determinants of amino acid substitutions among the eight positively selected residues identified (Yu and Zhang 2006) . Of course, the relatively small number of amino acid substitutions in our case may have limited the power of radical/conservative rate ratio test to detect more lineages with higher radical/conservative rate ratio. Our detection of significant positive selections in the ancestor lineages of particular species indicates functional divergences are most likely to occur after the gene duplication and before the speciation of these species.
In addition, CODEML site analyses identified nine residues under positive selection, several of which have not New Insights of Adaptive Evalution of Colobine RNASE1 · doi:10.1093/molbev/msp216 MBE been previously characterized by mutagenesis experiments. These results do not rule out the possibility that positive selection may have occurred at more lineages and sites, however. It has been suggested that the statistic power of CODEML analyses can be reduced when small numbers of nucleotide sites were used and the foreground branches tested were short, just as our case. In fact, we also attempted to test a model accommodating x ratios to vary both among lineages of interest and amino acid sites, that is, the branch-site model, using our data set. No significant results from the LRTs were obtained. This is not unexpected when we have the reasons described above in mind. Besides more parallel amino acid changes identified here, we also discovered a handful of nonparallel amino acid changes presented in particular colobine lineages. We suspected that when more Colobine RNASE1 gene sequences became available, it will be possible to identify additional amino acid changes that may also contribute to the optimal pH of colobine RNases. In sum, our identification of new adaptive sites and amino acid substitutions provide a necessary foundation for further experimental investigations of RNASE1 functional evolution in Colobinae.
As a principle digestive enzyme for adaptation of unique leaf feeding in Colobinae, RNASE1 gene is so important that it will remain the focus of future study. Although available information suggested RNASE1 gene duplication appear after divergence of Asian and African colobines and multiple events of gene duplication occurred in a lineage-specific mode, the timing and numbers of gene duplication events in different colobine lineages were still uncertain. The further analyses of RNASE1 genes from representatives of the other four genera in Colobinae will be expected to address the question.
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